Long- to short-range magnetic order in fluorine-doped CeFeAsO 
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The evolution of the antiferromagnetic order parameter in CeFeAsO i- x ¥ x as a function of the 
fluorine content x was investigated primarily via zero-field muon-spin spectroscopy. The long-range 
magnetic order observed in the undoped compound gradually turns into a short-range order at 
x = 0.04, seemingly accompanied/induced by a drastic reduction of the magnetic moment of the 
iron ions. Superconductivity appears upon a further increase in doping (x > 0.04) when, unlike in 
the cuprates, the Fe magnetic moments become even weaker. The resulting phase diagram evidences 
the presence of a crossover region, where the superconducting and the magnetic order parameters 
coexist on a nanoscopic range. 



PACS numbers: 74.25.Dw, 74.25.Ha, 76.75. +i 
I. INTRODUCTION 

The discovery of high-temperature superconductivity 
in the iron-based layered compound LaFeAsOi-^Fj^ im- 
mediately created considerable excitement among con- 
densed matter scientists. Other superconductors belong- 
ing to the same RE-1111 family, with RE a rare-earth 
metal, were discovered successively and superconductiv- 
ity with a transition temperature of up to 55 K was 
found when La is substituted by other rare earths as e.g. 
Sm, Ce, Nd, Pr, and GdP^ The new compounds show 
strong similarities with the high-T c cuprates P i) they 
have layered crystal structures with alternating REO and 
FeAs planes, where the iron ions are arranged on a sim- 
ple square lattice, ii) the parent compound is antifer- 
romagnetically ordered, Hi) superconductivity emerges 
upon doping the parent compound with either electrons 
or holes, a process which suppresses the magnetic order. 
However, there are also important differences between 
the two families, among which two are particularly sig- 
nificant: the semi-met allicity of the iron-based parent 
compound, as opposed to the Mott-insulator character 
of cuprates, and the moderate degree of electron corre- 
lation in the former vs. the strong correlation observed 
in the latter, as from comparative studies of far-infrared 
reflection. 8 

The REFeAsO parent compounds generally show a 
commensurate spin-density wave (SDW) magnetic order 
characterized by strongly reduced Fe momenta, as evi- 
denced by standard neutron scattering studiesPFe mag- 
netic moments are comprised between 0.25 and 0.8 /ie, 
to be compared with 4 /iB, the spin-only value for 



the Fe 2+ ion. For this very reason, the determina- 
tion of the temperature dependence of the magnetic or- 
der parameter via sensitive local probe techniques, such 
as muon-spin rotationf^^ Mossbauer spectroscopy}^^ 
electron spin resonance (ESR), 16 or nuclear magnetic res- 
onance (NMR) 17 is supposed to provide a higher accu- 
racy than that possible using standard powder neutron 
scattering!^ Currently, the accepted magnetic moment 
value for iron at 2 K in the REFeAsO families is 0.63(1) 
Mb) 12 1 19 1 seemingly independent of the rare earth. 

The study of magnetism of these systems is crucial: 
its disappearance often signals the onset of superconduc- 
tivity. Since the coexistence of the magnetic (M) and 
superconducting (SC) orders in interspersed nanoscopic 
domains has been generally associated to unconventional 
superconductivity, it is of fundamental interest to dis- 
cover whether the antiferromagnetism persist also in the 
superconducting phase, or it simply disappears as soon 
as the SC phase is established. Also the possible role 
played by the ordering of the rare-earth magnetic mo- 
ments is not yet clear. 

Among the 1111 compounds the case of CeFeAsOi-^- 
F^ is paradigmatic of this situation. It was first investi- 
gated via neutron diffraction^^, whose results suggested 
that both the magnetic and the superconducting order 
parameters go to zero at the M-SC boundary, thus hint- 
ing at the possibility of a quantum critical point (QCP) 
separating a long-range, anti-ferromagnetically ordered 
phase from the superconducting phase. This, however, is 
in contrast with the presence of a nanoscopic coexistence 
of magnetism and superconductivity, as evidenced in our 
recent study of CeFeAsO i-^F^ for x = 0.07.^ This ap- 
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FIG. 1: (Color online) X-ray diffraction pattern for the sam- 
ple x = 0.04 and the corresponding Rietveld refinement plot. 

parent discrepancy can be solved by observing that stan- 
dard neutron diffraction is sensitive only to long-range 
magnetic order. In addition, also Carlo et al.^ have ob- 
served an anomalous /iSR relaxation in a similarly doped 
Ce-compound. To date, though, no systematic studies 
exist to establish whether the long-range magnetic order 
becomes short-ranged, or it simply vanishes as the su- 
perconductivity appears. A study of the evolution with 
doping of the magnetic order in the FeAs planes can, 
therefore, provide us with fundamental hints on the in- 
terplay between the superconductivity and magnetism, 
i.e. whether these two phases are competing or reinforc- 
ing each other. 

To address the above issues we carried out systematic 
/iSR investigations in the CeFeAsOi-^F^ system in a 
large doping range x. Due to their local probe character 
and to the high sensitivity to internal magnetic fields, 
muons are perfect for unraveling the complex interplay 
between magnetism and superconductivity in the iron- 
based superconductors. In the specific case of CeFeAs- 
Oi-^F^ we find that as the fluorine content increases the 
magnetically ordered phase does not disappear, even at 
the highest investigated x concentrations, where it coex- 
ists with SC. The features of the magnetic order, on the 
other hand, are found to depend strongly on F doping, 
with the magnetic coherence range becoming shorter as 
x increases. 



II. EXPERIMENTAL DETAILS AND RESULTS 

A. Sample preparation and morphological and 
structural characterization 

A series of CeFeAsOi-^F^ samples, with a real fluo- 
rine content ranging from x = up to x = 0.07 (see 
next section), was prepared via solid-state reaction meth- 
ods by reacting stoichiometric amounts of CeAs, Fe203, 
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FIG. 2: (Color online) Evolution of the a- and c-axis lengths 
of CeFeAsOi-xFx as a function of the real fluorine content, 
x(F), at 290 K. Lines are best fits to the experimental data, 
while the estimated uncertainty Ax/x is ca. 25%. 



FeF2, and Fe. CeAs was obtained by reacting Ce chips 
and As pieces at 450-500° C for 4 days. The raw ma- 
terials were thoroughly mixed and pressed into pellets, 
which were then heated up to ca. 1100°C for 50 h. Fur- 
ther details concerning sample preparation and charac- 
terization have been reported elsewhere.^ A morpholog- 
ical and a structural characterization were carried out 
on all the successively investigated samples. The mor- 
phological analysis, performed via scanning electron mi- 
croscopy (SEM), revealed the presence of grains whose 
dimensions range from 1 to 10 /im, almost independently 
from the doping level (see also App. |A| . This indepen- 
dence from doping rules out a possible influence of the 
grain morphology on the magnetic and superconducting 
properties (e.g., apparent changes in the superconducting 
fraction, etc.). The structural characterization was car- 
ried out using standard powder X-ray diffraction (XRD) 
analysis. Figure [I] shows the Rietveld refinement plot for 
a representative x = 0.04 sample. Figure [2] instead shows 
the variation of the unit cell parameters as a function of 
the real fluorine content. The latter was estimated by 
means of NMR measurements, as reported below. We 
note that while the length of the a-axis is practically in- 
sensitive to F substitution, the c-axis' length decreases 
linearly with increasing x(F), in agreement with data re- 
ported in Ref.|9| As a result, the global effect of 2_ /F~ 
substitution is that of decreasing the volume of the unit 
cell, a reasonable outcome reflecting the smaller ionic ra- 
dius of fluorine. 



B. Determination of fluorine doping via 19 F NMR 

The gradual fluorine substitution in a RE-1111 system 
is known to introduce free carriers onto the FeAs layers, 
hence inducing important modifications to the material's 
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electronic properties. As such, x(F) represents the most 
natural parameter for describing the phase diagram of 
F-doped pnictides. Since our aim is the study of the M- 
SC crossover region, where even tiny variations of x(F) 
could play a major role, the determination of the real 
fluorine content is of crucial importance. To this purpose 
quantitative fluorine- 19 NMR measurements were carried 
out and the samples classified accordingly. 

To obtain a reliable estimate of the x(F) values, all the 
samples were measured using fluorine-free cabling and 
probehead. The resonant 19 F NMR signal, following a 
conventional solid-echo sequence (ir/2 — r — tt/2 — r— 
acquisition), was acquired in a fixed- field configuration, 
HqH ^ 1.4 T, corresponding to v ~ 56 MHz for the 19 F 
nuclei. By recording the NMR signal for different values 
of the delay r we could extrapolate the exponential de- 
cay of the integrated echo intensity, /(r), back to r = 0. 
The extrapolation procedure is crucial in providing an 
unbiased quantitative estimate of the fluorine content. 
In fact, samples with different F doping have, in general, 
different spin-spin relaxation times T2, which would po- 
tentially impair a straightforward intensity comparison. 
Since quantitative NMR measurements are notoriously 
difficult, the total fluorine content for each sample was 
evaluated by comparing the measured 1(0) values with 
that of an SmOF reference compound.^ In addition, we 
recall that NMR alone is unable to distinguish the flu- 
orine signal coming from primary vs. secondary phases. 
Therefore, to obtain the true x(F) values, the measured 
NMR intensity data were finally corrected to take into 
account the possible presence of CeOF impurities. The 
relative amount of the latter was accurately quantified by 
means of Rietveld refinement of X-ray powder diffraction 
patterns. We find that, whenever present, the spurious 
CeOF phase never exceeds 2% vol. This analysis reveals 
that the real F content is systematically lower than the 
nominal one but, nevertheless, the use of NMR label- 
ing is superior to the simple use of the nominal doping. 
Therefore, hereafter we use the former as a label for the 
different samples. Possible errors would uniformly affect 
the investigated samples, implying a rescaling of the fi- 
nal phase diagram, but cannot give rise to distortions or 
inversions. 



C. Transport measurements 

The resistivity of the CeFeAsOi-^F^ samples was 
measured using a standard four-point method. The tem- 
perature dependence of p(T) for selected F doping val- 
ues is shown in Fig. [3] Upon cooling, the undoped 
sample presents the typical transport features of iron- 
based oxypnictides: i) a low-temperature resistivity in 
the m^cm range; ii) a broad maximum, followed by a 
drop of p(T), with an inflection point defined as the max- 
imum of the first derivative, dp/dT (arrows in Fig. [3|. 
The presence of a maximum in the first derivative of re- 
sistivity has been observed also in the 1111 systems con- 



taining Laj 14 * 23 * Pr^H anc [ Smf^ and has been generally 
attributed to a spin-density wave (SDW) transition. As 
the fluorine content increases, the maxima of p(T) and 
dp/dT both shift towards lower temperatures, become 
broader and eventually disappear for x = 0.04, in full 
agreement with existing experimental data on the Ce- 
1111 familyP 
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FIG. 3: (Color online) Normalized resistivity vs. tempera- 
ture for a selection of CeFeAsOi-ccF^ samples. For a better 
visibility the curves have been shifted against each other by 
1.5 units. Arrows indicate the maxima of dp/dT. 



D. Magnetization measurements 

DC magnetization measurements were performed by 
means of a superconducting quantum interference de- 
vice (SQUID) magnetometer (Quantum Design) on all 
the tested samples. Both magnetization vs. temperature, 
from 2 up to 300 K at poH = 3 T, in zero-field cooling 
(ZFC) and in field cooling (FC) conditions, as well as 
magnetization measurements vs. applied field, m(H), at 
selected temperatures were carried out. The experimen- 
tal results can be summarized as follows: 

i) The quantity of dilute ferromagnetic impurities, if any, 
is irrelevantly small. This is evinced by the linear (i.e. 
purely paramagnetic) behavior of m(H) at both low and 
high temperatures (not shown). 

ii) Ce ions mostly retain their free- ion magnetic moment 
value. This result arises from numerical fits of xOO 
data using the Curie- Weiss law, x(T) = C/(T — 0) + xo? 
with xo the temperature-independent susceptibility, C 
the Curie constant, and the Curie- Weiss temperature. 
First, we determine xo by considering only the high- 
temperature regime. Successively, we perform a linear 
fit of l/(x(T) — xo), as shown in Fig. [4] for a typical case, 
x = 0. From the resulting Curie constant one can deter- 
mine the Ce magnetic moment (in the free-ion approx- 
imation), which is plotted against the F content in the 
inset of Fig. [4j This value is very close to that expected 
for free Ce 3 ~ ions (2.54 // b) and in perfect agreement 
with previous data.™™ 
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FIG. 4: (Color online) Linear fit of l/(% — xo) for the case 
of the undoped sample (x = 0). Inset: Ce free-ion magnetic 
moment for all the samples under test, as derived from Curie- 
Weiss fits of the dc magnetization data. The dotted line shows 
the theoretically expected value for free Ce 3+ ions (2.54 /xb). 
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FIG. 5: (Color online) ZFC magnetization data for the su- 
perconducting samples at /JoH = 0.5 mT. Arrows denote the 
FeAs SC transitions and the Ce magnetic ordering tempera- 
tures, respectively. 



Hi) An increase in F doping up to x = 0.07 depresses 
slightly the cerium antiferromagnetic (AF) ordering tem- 
perature, Tn(Cc). We should here caution the reader 
that the Ce AF transition is somehow affected by applied 
fields of moderate intensity: a magnetic field of ~ 4 T 
can lower an otherwise "regular" Tn(Cc) by more than 
2 K, in agreement with data reported in Ref. 2 28. All 
Tn(Cc) values, measured in similar low-field conditions, 
are reported in Table [TJ 

iv) Samples with x > 0.06 display a clear transition to the 
superconducting state, as shown by the low-temperature 
ZFC magnetization data for x = 0.06 and 0.07 reported 
in Fig. [5] A precise determination of the superconduct- 
ing fraction from the magnetization data, though, is dif- 
ficult: at lower F-doping values, the field penetration 
depth increases considerably and becomes comparable 
to the grain size (1-10 /im), thus effectively reducing 
the shielding volume within each grain. Nevertheless, 
TF-/iSR data clearly demonstrate that all these samples 
show bulk superconductivity, as reported in detail for the 
x = 0.07 case in Ref. EU 



E. ZF-/xSR measurements 

The muon-spin relaxation measurements were carried 
out at the GPS instrument (7rM3 beam line) of the Paul 
Scherrer Institut, Villigen, Switzerland. /iSR experi- 
ments consist in implanting 100% spin-polarized muons 
in a sample and successively detecting the relevant decay 
positrons. Implanted muons thermalize almost instanta- 
neously at interstitial sites, where they act as sensitive 
probes, precessing in the local magnetic field with 
a frequency f ^ = 7/(271") • with 7/(271") = 135.53 
MHz/T the muon gyromagnetic ratio. Both zero-field 
(ZF) and longitudinal field (LF) /xSR experiments were 
performed. Due to the absence of applied fields, ZF-/iSR 
represents the best technique for investigating the spon- 
taneous magnetism and its evolution with fluorine dop- 
ing. LF-//SR measurements, instead, were used to single 
out the dynamic or static character of the magnetic or- 
der, as detailed in App. |B| 

Figure [6] shows the low-temperature ZF asymmetry 
(i.e. the muon-spin precession signal), A(t), for the tested 
CeFeAsOi-^F^ samples. As a comparison, the high- 
temperature asymmetry is also shown for the undoped 
x = case. At high temperatures, i.e. above the Neel 
temperature Tn, the asymmetry signal is practically fiat, 
with no oscillations and with a very small decay of the 
initial polarization. This behavior is typical of param- 
agnetic materials, where there are no significant inter- 
nal magnetic fields, except for those due to the tiny 
randomly-oriented nuclear moments, which account for 
the exiguous decay of asymmetry. 

However, once the temperature is lowered below 7n, 
dramatic differences develop, reflecting the emergence of 
a spontaneous magnetic order. The new ordered phase 
seems to have features which depend strongly on x: for a 
low F content we observe well-defined asymmetry oscilla- 
tions which, as x(F) increases, change quickly to highly 
damped ones. The damping for x > 0.04 becomes so 
high that the oscillatory behavior disappears altogether, 
to be replaced by a fast decaying signal. We recall that 
asymmetry oscillations indicate the presence of a uniform 
magnetic field at the muon sites, while a strong decay of 
the asymmetry arises whenever there is a wide distribu- 
tion of fields. Hence, the case x = is compatible with a 
long-range (static) magnetic order. On the other hand, 
a strong /xSR signal decay (for 0.04 < x < 0.07) is com- 
patible with dephasing (i.e. incoherent muon-spin preces- 
sion) due to a distribution of internal fields, which can 
be attributed to a short-range magnetic order. In Fig. [6] 
the evolution with doping of the spin polarization of the 
muon ensemble is followed against the fluorine content. 

To achieve a better understanding from the above re- 
sults, the various ZF-/iSR time-domain data were fitted 
using the function: 
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TABLE I: Magnetic and superconducting properties of CeFeAsOi-xF^ for different values of F doping. 



s(F) 


T N (K) 


AT N (K) 
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0.03(1) 


106.0(9) 


9(1) 




93(1) 


3.5(3) 


0.04(1) 


37.9(9) 


9(1) 




100(8) 


2.78(3) 


0.06(1) 


28.0(7) 


11(1) 


26.5(5) 


100(3) 


2.7(3) 


0.07(1) 


16.5(3) 


9.8(0.4) 


18.3(5) 


100(5) 


2.8(3) 




FIG. 6: (Color online) Zero-field, time-domain /iSR data of 
CeFeAsOi-xF^ for selected fluorine doping values x, recorded 
at T = 5 K. The superconductivity appears for x > 0.06, 
whereas the antiferromagnetic order is always present. The 
range of the AF order, however, changes from long to short, 
as shown by the absence of oscillations in samples with a high 
F content. 



Here a ± ' are two transverse components, while ay rep- 
resents a longitudinal component, each with respective 
decay coefficients o~a,b and A. The choice of two trans- 
verse decay components follows closely the calculations 
presented in Ref.[l2[ according to which, for the undoped 
CeFeAsO case (but largely valid also in presence of F dop- 
ing), two distinct muon implantation sites are expected. 
The most populated site, named A, is located next to the 
FeAs planes, while a second site, named B, is close to the 
oxygen atoms in the CeO planes. As suggested, muons 
implanted in A are sensitive to a magnetic field that con- 
sists of two contributions: the molecular field generated 
by the Fe sublattice and the field arising from the Ce po- 
larization, the latter being induced by the Fe magnetism 
(via an exchange coupling Jp e -Ce °° 43 T//xb)- Muons 
implanted in B are sensitive mostly to this second con- 
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FIG. 7: (Color online) Magnetic volume fraction vs. temper- 
ature as extracted from the longitudinal component of /xSR 
data and fitted with an erf(T) function (Eq. [5| for a selec- 
tion of samples (x = 0, 0.03, 0.06). The relevant fit values, 
including those of other samples, are reported in Table [I] 

tribution. Since the latter site is statistically the least 
populated one (accounting for only ~ 15% of the im- 
planted muons, as from Eq. [TJ, its contribution to the 
total asymmetry does not permit to distinguish a sec- 
ond precession frequency and therefore it is taken into 
account by a single exponential decay (a^_ ). The cor- 
responding longitudinal components, nevertheless, share 
similar decay rates, which allows us to merge them in a 
single term, an . 

The nature of the oscillating term f(t) depends on 
the F content: for x = (and other low x values) 
A(t) could be fitted using /(£) = cos ( 2tt^B^ t)\ on the 
other hand, for x = 0.03 the best fit was obtained with 
f(t) = Jo^-K^B^t) (here Jo is the zeroth order Bessel 
function). The cosine term is the hallmark of commen- 
surate long-range magnetic order, while the presence of a 
Bessel function is generally attributed to incommensurate 
long-range ordered systems.^ Finally, f(t) = 1 for all 
those samples where no coherent oscillations could be de- 
tected (x > 0.04). As a result, the observed static AF or- 
der seems to be commensurate for x < 0.03, incommensu- 
rate for x ~ 0.03 and fully disordered for 0.04 < x < 0.07. 

Let us now determine the magnetic volume fraction 
from the /iSR data. Since all the considered samples were 
available as pressed powder pellets, we can safely assume 
a randomly oriented internal field model: in an ideal case, 
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FIG. 8: (Color online) Internal magnetic field as probed 
by ZF-/iSR at the so-called A-sites for x = and x — 0.03. 



where the whole sample shows static antiferromagnetic 
order, on average, 1/3 of the muons experience a field par- 
allel to their initial spin direction, and hence do not pre- 
cess (longitudinal component), while the remaining 2 /3 
will precess (transverse component). This is exactly what 
we find for all the measured samples. From the temper- 
ature dependence of the longitudinal component one can 
follow the evolution of the volume fraction, Vm, of the 
magnetically ordered phase, Vm(T) = § (l — ay) • 100%. 
The resulting Vm(T) values for a selection of represen- 
tative samples are plotted in Fig. [7| It is worth notic- 
ing that all samples with x < 0.07 become fully mag- 
netic at low temperature (Vm = 100%). To determine 
the average Neel temperature, the corresponding tran- 
sition width and the magnetically ordered fraction, the 
obtained Vm (T) data were fitted using the following phe- 
nomenological function: 



V M (T) 



1 - erf 



\/2A 



(2) 



The fit results, summarized in Table|IJ as well as in Fig. [7] 
for selected cases, clearly show that as the fluorine con- 
tent x(F) increases there is both a gradual decrease of 
Tn and a progressive broadening of the transition. 

The internal field B^, as resulting from fits of the asym- 
metry data with Eq. [I] is plotted in Fig. [8] for the case 
x = and 0.03. In the undoped sample corresponds 
to values of the order of ~ 200 mT (27 MHz), which are 
typical for the oxypnictides^ and in full agreement with 
those reported in Ref. [T2j As for the temperature depen- 
dence, B^ shows a characteristic low-T increase (instead 
of a saturation), which is peculiar of CeFeAsO 12 and is 
due to the AF ordering of Ce 3+ ions. As the fluorine 
content increases the average Gaussian field value (B^) 
reduces and its width broadens. At high F doping, no 
more coherent oscillations are present in A(i). In these 
cases the internal field can be described as a broadened 
distribution of fields whose values range from zero up to 

Figure |9] displays the behavior of the internal field for 
T]\j(Ce) < T < Tn as a function of F content for both 



FIG. 9: (Color online) Dependence on fluorine doping of the 
average magnetic field value (By) (for x < 0.4) and field width 

(AB^) 1//2 (for x > 0.4), as measured by muons stopping in 
sites A and B. The dashed line provides a guide to the eye, 
emphasizing the sharp field drop at x ~ 0.4, in concomitance 
with the onset of the short-range magnetic order. 



muon sites A and B. Since the internal field is propor- 
tional (via the dipolar interaction) to the staggered mag- 
netization due to the Fe ordered moments, plus a less 
relevant contribution from the Ce polarized sublatticepl 
Fig. [9] shows that the Fe magnetic moment is progres- 
sively reduced as the doping content increases. This is 
a general feature of the iron superconductors in marked 
contrast with the cuprates. In fact, unlike in the former, 
in the cuprates the low-temperature staggered magneti- 
zation always recovers to the value of the undoped parent 
compound. This recovery occurs throughout the doping 
range corresponding to a magnetically ordered phasep^ 
either long- or short-ranged, and irresp ective of its possi- 
ble coexistence with superconductivity!^^ This feature 
is a consequence of the Mott-Hubbard character of the 
cuprates and the related spin freezing, both absent in the 
iron pnictides. 



III. DISCUSSION 

The study of doping effects on both the magnetic and 
the superconducting properties, as well as the presence of 
a possible M-SC crossover region in the Ce-1111 family 
compounds, are as interesting as important to our com- 
prehension of the new iron arsenide compounds. To this 
aim, we have performed a full investigation of structural, 
transport and magnetic properties on a series of samples 
with x(F) ranging from up to 0.07. By collecting the 
results from all the presented investigations we obtain a 
coherent physical picture that provides us with impor- 
tant hints on the evolution with doping of the magnetic 
order in the FeAs planes and on the influence of the latter 
on the developing superconducting order. In particular, 
we highlight the following key results: 

i) The Ce 3+ AF ordering temperature decreases gradu- 
ally as the doping x(F) increases. This behavior most 
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FIG. 10: (Color online) Phase diagram of CeFeAsOi-ccF^ as 
determined from the current /iSR measurements. M and SC 
coexist in the violet region, while the hatched area indicates 
the presence of a short-range (SR) magnetic order. The point 
at x = 0.16 was taken from Ref. [9] See text for details. 



likely suggests a correlation between the magnetic order 
of iron and that of the cerium ions. 

ii) In the undoped compound, a long-range commensu- 
rate AF order sets in for temperatures below Tn- This 
long-range magnetic order is evidenced as coherent os- 
cillations of the muon polarization at low temperatures. 
Once a small percentage of fluorine is substituted to oxy- 
gen, these oscillations become highly damped. In partic- 
ular, for the x = 0.03 case a zeroth-order Bessel function 
seems to provide a better fit to A(t) than a harmonic 
(cosine) function, thus signaling the o nset of an incom- 
mensurate AF order of iron ions! 29 ! 34 ' At higher F dop- 
ing, the shrinking dimensions of the magnetically ordered 
domains imply a faster dephasing and depolarization of 
the implanted muons. This marked depolarization is re- 
flected in such a high asymmetry damping that it pre- 
vents the detection of any coherent oscillations. 

Hi) Our /iSR results can be summarized in the revised 
phase diagram shown in Fig. 



10 Here we report the 



ordering temperatures, Tn, as obtained by fits of ay(T) 
asymmetry using Eq. (J2|, and T c , in the superconduct- 
ing phase, as determined by dc magnetization measure- 
ments. Our data are in a fairly good agreement with 
those of Ref. [9] for x < 0.04, where some long-range mag- 
netic order still persists and, therefore, is detectable also 
by neutrons. However, for higher F concentrations there 
is a clear discrepancy, most likely due to the fact that 
ordinary powder diffraction methods using thermal neu- 
trons are not sensitive to short-range order. In fact, from 
x > 0.04 and up to x = 0.07, muons are able to evi- 
dence the presence of a short-range static magnetic order 
(hatched area in Fig. 10 ). In the narrow region, extending 
from x ~ 0.05 to 0.07, this magnetic order coexists with 
superconductivity on a nm-range scale, as detailed in 
Ref. I2T1 (thistle-colored area in Fig. 10), then magnetism 



is expected to disappear above x = 0.07. The narrow M- 
SC coexisting region clearly rules out the presence of a 
quantum critical point, i.e. the existence of a single crit- 
ical F-doping separating the two phases. Consequently, 
our results are in good agreement with a recently sug- 
gested Ce-1111 phase diagram, 35 where the long-range 
AF and SC phases do not overlap but are separated by 
an intermediate phase, which we identify with the short- 
range AF phase. 



IV. CONCLUSION 

The evolution of the magnetic order vs. F doping in 
CeFeAsOi-^F^ was mapped via muon-spin spectroscopy. 
The experimental data and the successive analysis con- 
firm the coexistence of two magnetic- ion subsystems, one 
related to Ce 3+ and the other to Fe 2+ . The cerium anti- 
ferromagnetism, occurring at relatively low temperatures 
(< 4 K), seems to be correlated with the magnetic order 
taking place in the FeAs planes, as evidenced by the slight 
drop of Tn(Cc) observed when the Fe magnetic order dis- 
appears. The FeAs magnetic order, a hallmark also for 
the Ce-1111 family, is strongly affected by an increase 
in F content: i) its Neel temperature decreases sharply; 
ii) the AF magnetic order evolves from long- to short- 
ranged; Hi) superconductivity appears when the Fe 2+ 
magnetic moment is significantly reduced with respect 
to its value in the undoped case. These findings seriously 
question the presence of a quantum critical point in Ce- 
1111 and, together with previous results on Nd-^, Sm- 
^ and Gd-lllfl^ compounds, most likely suggest that 
the phase diagram of the 1111 family is RE-independent 
and consists of a narrow M-SC crossover region, where 
nanoscopic coexistence takes place. Surprisingly, though, 
this coexisting region see ms t o be immeasurably small or 
totally absent in La-llll! 10 * 37 * Future measurements us- 
ing Ce-1111 samples with finely tuned fluorine doping 
could be useful to better determine the extension of the 
M-SC coexisting region. 
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Appendix A: SEM analysis 

To check for possible anomalies related to the varying 
fluorine content, detailed SEM analysis were performed 
on samples having different x values. The morphology of 
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the tested specimens turned out to be almost indepen- x = 0.06 case. In a so-called LF-decoupling experiment 40 



dent of doping. As an example, Fig. [TT] shows the SEM 
image of a sample with a nominal x = 0.06. 




FIG. 11: SEM image of x = 0.06 sample showing the grain 
morphology. 



Appendix B: LF-/xSR measurements 

The absence of oscillations in the /iSR signal for fluo- 
rine dopings above ~ 4%, could be due either to a wide 
distribution of static fields, or to strongly fluctuating (i.e. 
dynamic) magnetic moments. Although we could reason- 
ably expect the static picture to reflect the physics of our 
system, we still carried out LF-/iSR in the representative 




0.6- 
0.4- 
0.2- 

0^ 



T = 26.5 K 



FIG. 12: (Color online) Longitudinal field scan at T = 26.5 K 
for the x = 0.06 sample. The soli d line represents a fit using 
the polarization recovery function! 38 * 39 * 



an external magnetic field B\\ is applied along the initial 
muon-spin direction. If Bu is of the same order of or 
higher than the internal static fields, then it will have a 
large influence on the muon polarization through a "spin- 
locking" effect. On the other hand, in case of strongly 
fluctuating internal fields the effect of the external field is 
barely noticeable. By applying longitudinal fields in the 
range to 500 mT, we could observe a clear polarization 
recovery for Bn > 200 mT (see Fig. 12), in agreement 



with the hypothesis of a static distribution of the inter- 
nal fields. 
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